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I. Introduction
High aspect ratio wings can lead to signicant fuel savings due to the reduction in induced drag, but also suer from increased bending moments and resulting increase in structural weight. Typically such designs have little or no sweep and therefore the benecial gust alleviation due to bending-torsion coupling inherent in sweptback designs is absent. They are also notoriously prone to nonlinear aeroelastic instabilities, and these nonlinear eects are usually not well understood; therefore the wing is often stiened to avoid such instabilities with the penalty of further signicant weight increases. The greater exibility could also result in a strong coupling between structural dynamics and rigid body/ight mechanics modes and undesirable eects on the handling qualities. A further limitation on larger span designs are size restrictions on airport gates and ground handling. (to brace the wing) which will help reduce structural mass at the expense of additional drag. Other aspects such as the engine position (and type) need to be considered, as the engine could have a detrimental eect on the dynamics of a high aspect ratio wing. Technologies such as passive and active gust and manoeuvre load alleviation systems could also mitigate these eects.
In this work, the eect of exibility on aircraft loads is investigated. To do this, a commercial aircraft is designed and sized using an in-house sizing tool. Using this as a baseline, the wing skin thickness is varied globally on the wing to produce exible variants of the original aircraft. On the one hand this results in a weight reduction as the skin thickness is reduced, which is generally benecial for an aerospace structure.
Conversely, the structure becomes much more exible, potentially resulting in large deections which may enter the nonlinear regime. Geometrically nonlinear deections can reduce loads due to vertical gusts by reducing the gust velocity on out-board sections to a component of the velocity. However, lateral and roundthe-clock (RTC) gusts are also required for certication loads, meaning that certain orientations of gust excitation may become more important in the gust loads analysis for highly-exible aircraft. This study considers how mass reduction may aect gust loads. The eect of more exible wings on the performance of the aircraft (lift-to-drag ratio or range, for example) will form the basis of a future paper. This paper will rst introduce the nonlinear aeroelastic approach used in this work, along with gust input denitions. After that, the specic aircraft model will be described, followed by 1g and dynamic gust loads analyses results with discussion. Finally, conclusions will be drawn.
II. Aeroelastic Modelling
The methods used for modelling aeroelastic systems with nonlinear eects will be briey described in this section. A denition of reference frames used in this study will be detailed. Then the structural model will be presented, followed by the aerodynamics. Finally, the implementation of the equations will be introduced.
A. Reference Frame Denitions
In order to discuss the structural models, aerodynamic models and gust inputs, a number of reference frames need to be dened to clarify in which frame certain variables are expressed. Figure 2 illustrates a generic, highly exible aircraft structure, and labels the reference frames. The global reference frame, G, is an Earth-xed inertial reference frame (assuming a at and non-rotating Earth). The eect of gravity is expressed in this frame as a vector in the z-axis, g = [0; 0; −g], where g is the acceleration due to gravity.
Body-Fixed Reference Frame, a
The body-xed reference frame, a, is a reference frame that is free to move in translation and rotation within the global reference frame. It is, as its name suggests, rigidly xed to a point on the aircraft, with deformations of the structure dened relative to the body-xed frame. For convenience, the origin of the body-xed frame is chosen to be a point on the fuselage, with the x-axis aligned in the nose-to-tail direction.
3.
Wing-Fixed/Local Reference Frame, B
The local reference frame, B, is a reference frame that is rigidly connected to the beam. All loads are given in this reference frame.
Aerodynamic Reference Frame, A
The aerodynamic reference frame, A is a reference frame that is rigidly connected to the beam, with the origin located at the aerodynamic centre of the aerofoil section at that beam location. It is convenient to dene a separate reference frame for the aerodynamics to account for any rotations, such as twist or dihedral, that would mean that the aerodynamic reference frame was no longer coincidental with the local reference frame, B.
5.
Gust Reference Frame, g
The gust reference frame, g, is introduced to simplify the gust description. It is a frame that can have an orientation and position independent of the global reference frame, G. In this frame, all gust velocities will be given as a purely vertical velocity vector in gust reference frame. The gust reference frame can then be oriented as required to produce variations of the gust.
B. Structural Modelling -Intrinsic Beam Formulation
The structural method used in this work is an intrinsic beam code, as presented by Hodges. 4 In this work, one considers a beam described simply by a 1D coordinate, s, along the deformed beam's length. The x-axis of the local reference frame B is parallel to the beam at any point.
To begin the beam description, it is rst necessary to dene the variables that are used in the formulation.
First, local strain, γ B (s, t) ∈ R 3×1 , and curvature, κ B (s, t) ∈ R 3×1 , are dened as
respectively. In these equations, R a (s, t) ∈ R 3×1 is the position vector to any point on the aircraft structure as seen in the body-xed reference frame, and [C Ba (s, t)] ∈ SO (3) Further to these strain and curvature denitions, the local translational velocity, V B (s, t) ∈ R 3×1 , and angular velocity, Ω B (s, t) ∈ R 3×1 , are dened as
andΩ
respectively, where v a is the translational velocity of the body-xed reference frame, and ω a is the rotational velocity. The• operator represents the temporal derivative of a certain variable. From this point on, the subscript B will be dropped from the velocities, strains and curvatures for clarity, as well as explicit mention that they are functions of beam location, s, or time, t. The matrices [M (s)] ∈ R 6×6 and [C(s)] ∈ R 6×6 are introduced as the sectional mass and compliance matrices, respectively, and are given as
which maps velocities to translational and rotational momenta, P and H, respectively, and forces, F , and moments, M , to strains and curvatures. It can be seen that the relationship between the beam forces and moments, and the strains and curvatures is a linear one, indicating that there are no material nonlinearities such as skin-buckling accounted for in this method.
The equations of motion of the beam are,
where e f = c γf e 1 .
In Eq. 6, the degrees of freedom of the equations of motion are local velocities and strains and curvatures.
In contrast to similar methods which rewrite the equations of motion purely in terms of strains and curvatures, or alternatively in terms of displacements and orientations, the intrinsic beam approach introduces an additional equation which relates the velocities to the strain and curvatures, which closes the formulation.
The equation to close the formulation, derived from Eqs. 1 and 2, is
One nal equation of motion is required for the free-ying aircraft,
which satises the conservation of momentum equations for the beam, or set of beams, in the G reference frame. The velocity of the rigid body is coupled with the beam equation as a velocity boundary condition on Eq. 7 at the root.
The intrinsic beam formulation results in double the number of variables compared to alternative nonlinear beam approaches, but in doing so retains a much more algebraically simple set of equations to solve.
Palacios et al 5 compare the intrinsic beam formulation to two common approaches to nonlinear beam modelling, namely displacement-based 6 and strain-based methodologies, 7 and highlights benets and drawbacks of each method. The simplicity of the intrinsic beam equations can be seen to be an advantage computationally.
A nite-element (FE) approach to the solution of the intrinsic beam equations is applied. Here, piecewiselinear shape functions are used in a scheme similar to those used in Hodges et al . 8 However, rather than using a mixed-formulation, the intrinsic beam equations are solved for velocities, and strains and curvatures directly. The position and orientation of the beam can then be obtained by the spatial integration of the strains and curvatures, or the temporal integration of the velocities. In this work, the former approach is used for the static solutions, with the latter approach then used used for dynamic results. The orientations of the beam are parameterised using quaternions.
As part of on-going validation of nonlinear codes at the University of Bristol, this particular implementation has been compared in terms of accuracy and computation times with a number of alternative nonlinear beam formulations. Previous comparisons and summaries of all the beam models for static aeroelastic analyses was made in Howcroft et al .
9
Comparisons for static results are also made with MSC.NASTRAN, but not for the dynamic aeroelastic system, the reason for which is explained in the next section.
C. Aerodynamics
To apply representative aerodynamic forces to the structural model, an unsteady strip theory is used. Strip theory has been shown in the literature to provide a reasonable approximation to aerodynamic forces for HARW, but lacks the induced drag terms and 3-dimensional eects that DLM, VLM and UVLM methods can provide. Nonetheless, the computational speed of strip theory allows for rapid assessment of numerous cases, and gives a useful insight into aeroelastic phenomena.
Unsteady eects are included into the strip theory approach used here via Leishman's indicial response method 10 (using Jones' approximation to Theodorsen's function 11 ). Palacios et al 5 showed how Leishman's two-state approach was comparable in terms of accuracy to other methods such as Peters' Finite-State approach 12 requiring 4-8 states, with the obvious benet of a vastly reduced number of aerodynamic states.
The aerodynamic forces and moments are determined from the local beam velocities and local velocity elds due to gust disturbances, and enter into the structural equation, Eq. 6.
Static lift slopes are calculated from a VLM solver to provide realistic 3D tip loss eects into the striptheory approach.
D. Numerical Implementation
The equations of motion are solved in MATLAB. The static solver uses a Newton-Raphson method to solve the FE discretisation of Eq. 6 with velocities and time derivatives set to zero. The total state size of the static system is therefore 6n, where n is the number of elements of the system.
The dynamic solver solves Eqs. 6 and 7 simultaneously with Eq. 8, along with velocity integration equations and aerodynamic unsteady equations, using a Newmark-β time-stepping solver. The total state size of the free-ying beam system is 12n + 6, with an additional 7n states for temporal velocity integration to obtain positions and orientations, and a further 2n states for the unsteady aerodynamics states, resulting in a total of 21n + 6 states.
E. Gust Loads Process
In order to determine the loads on the aircraft due to exogenous gust disturbances, a gust loads process is required. The specic gust loads process used in this work is dened here.
In a standard industrial gust loads process on a linear aeroelastic system, the 1g loads at trim condition and the additional incremental gust loads can be calculated separately and added together in post-processing due to the linear approximations of the model. 13 Furthermore, only vertical and lateral gusts need to be calculated, with negative and round-the-clock gusts also determined in post-processing. Supposing that a certain load has been determined from a vertical and lateral gust load case (obtaining L n V ERT and L n LAT , respectively), the load from a gust orientated at θ from the vertical can be determined simply as,
Therefore, the maximum gust is some combination of these gusts orientated at an angle θ RT C calculated as
and the maximum loads are calculated as
In contrast for a nonlinear system, gust loads must be calculated on the aircraft in its trim conguration to correctly account for large deformations and the eect this has on the aerodynamic forces, gravity forces and ight dynamics of the aircraft. It also means that round-the-clock gusts can no longer be determined from the vertical and lateral gusts alone, as in Eqs. 10 and 11.
The gust loads process followed in this work considers discrete gust events, in the form of 1-minuscosine" (1MC) disturbances. The aircraft is trimmed, and subjected to a family of 1MC gusts with the velocity magnitudes and gust lengths dened by FAA 14 /EASA 15 guidelines. For this gust, the velocity prole in the gust reference frame, g, is dened as
where H refers to the gust gradient (half the gust length), x is distance into the gust disturbance, and w gmax is a gust intensity value determined from the FAA/EASA regulations. 14, 15 An illustration of the gust intensity as a function of distance into the gust event for the series of gust gradients in this study is plotted in Figure 3 . a vertical gust, the gust reference frame, g, coincides with the global reference frame, G. If the aircraft is initially trimmed with a velocity purely in the global reference frame's x-axis, the gust reference frame, g, is rotated about the x-axis by an angle θ for the gust disturbances in dierent directions. Therefore, θ = 0 
III. Aircraft Model
The focus of this particular gust loads study is on a high-aspect ratio, commercial airliner-type aircraft conguration, similar to those currently considered in industry. 1, 3 Therefore, a representative aircraft has been designed which features similar characteristics as contemporary concept aircraft. The aircraft wing is xed to the fuselage rigidly at the root, and does not feature any strut bracing, in contrast to the SugarVOLT. 3 The planform properties of the aircraft are presented in Table 1 . There is also an elevator on the HTP which is 25% of the chord and runs along the full length of the HTP.
The baseline aircraft wing is sized using an in-house sizing tool, which generates an optimum wing and tail box structure for a range of static loads cases. A rendering of the aircraft can be seen in Figure 4 . The wing-box is then reduced to a beam-like structure for use in the intrinsic beam formulation. Table 1 : Planform properties of the baseline aircraft used in this study Figure 4 : An illustration of the aircraft used in this study Flexibility variants are then generated by changing the skin thickness of the baseline aircraft wing box by a factor, referred to in this paper as the`exibility factor'. The sectional stiness properties in bending, EI, and torsion, GJ, are plotted in Figure 5 for various exibility cases. It can be seen that between the stiest and most exible cases considered, the in-plane and out-of-plane bending stiness reduces by around an order of magnitude at the root, indicating a signicant reduction. The torsion, however, only reduces by a factor of 2. It is assumed that the fuselage is rigid, and the HTP and VTP stinesses are not changed throughout the analysis. We are ignoring the eect that the change in thickness has upon the stress and buckling behaviour, as the emphasis of the study is on the eect of changes in stiness on the dynamic response. Of course, for a real world aircraft design, the process presented here would be used as part of sizing process or optimisation to ensure critical stresses were not exceeded.
One mass and ight case will be considered for this study. The total mass of the baseline aircraft is 61,442kg, which is comparable to the MZFW of a short-to medium-range commercial aircraft. 
IV. Results
In this section, the results from the gust loads analysis are presented. First, the static behaviour of the aircraft for dierent exibility cases is shown, followed by the dynamic gust loads results.
A. Static 1g Loads
The aircraft is rst trimmed using the elevator to obtain the 1g loads, ight shape and angle of attack for a series of exibility cases -these are necessary to provide the nonlinear simulation with the initial conditions to perform gust loads. The trim condition is determined using a static lift and moment balance. Thrust is not required for the force balance, due to a lack of any drag force in the aerodynamics modelling.
Trim angles of attack and elevator deections are shown in Figure 6 . It can be seen how the angle of attack and elevator deection initially reduces as the aircraft becomes more exible, but then rapidly increases as the rigidity continues to reduce. The results match well with MSC.NASTRAN for the angle of attack. However, there is a clear dierence in elevator deection which is simply due to dierences in elevator lift and moment curve slopes. The resulting tip vertical displacement at trim condition is also plotted in Figure 6 (as seen in the body-xed reference frame), showing an excellent match between MSC.NASTRAN and the intrinsic beam approach for the stiest wing considered, where the static deections are still in the linear regime. The dierence between the linear and nonlinear approaches can then be seen as the aircraft becomes more exible. The overall trim shape of the left wing as seen in the ight direction is plotted in Figure 7 . Again, a good match can be made to MSC.NASTRAN for the stiest case, and furthermore it can be seen how at the most exible cases a signicant degree of tip shortening can be observed due to geometrically nonlinear deformations. For the most exible case, the tip deection exceeds 25% of the wing span; from an earlier study 9 it was seen that nonlinear behaviour should be expected from deections of that size.
The distributed 1g trim loads on the wing are plotted in Figure 8 for a selection of exibility variants, An example response of the root loads on the nonlinear system to a vertical family of 1MC gust disturbances can be seen in Figure 9 , comparing the stiest wing to the most exible. A few qualitative dierences can be observed, for example, the torsion response has signicant high frequency content when hit by the shortest gusts due to coupling with a exible bending mode of the HTP. The HTP bending mode excites the fuselage in pitch, which excites the torsion mode of the wing; it is more pronounced in the exible case due to the higher trim deformations lowering the eective rotational inertia. A longer simulation reveals that the oscillation does decay eventually, but is very lightly damped. Additionally, it can be seen that the maximum bending load is due to the second overshoot on the stier case, but due to the rst peak on the more exible case. Moreover, the dierence between the maximum and minimum loads is reduced as the aircraft becomes for exible, as well as just the 1g loads as seen in Figure 8 . This loads reduction is due to the large wing tip orientations reducing the eective angle of attack due to gust velocity.
The gust response in Figure 9 is due to a purely vertical gust where the large rotations can reduce loads compared to an undeformed conguration. However, a gust prole could exist which is rotated by some angle to vertical and could potentially result in larger loads, especially if the wing exhibits large deformations and rotations. Therefore it is important to consider angled gusts also. Gust loads from angled gusts can be visualised by determining the maximum and minimum loads of the gust family for a particular gust orientation, and plotting them in a polar plot. Root torsion and bending loads for a full 360
• sweep (in 30
• increments) are plotted in Figure 10 for the stiest and most exible aircraft variants. For both the stiest and most exible cases, the dierences seen between maximum and minimum are biggest at 0
• and
Root Torsion Moment Root Bending Moment Root Bending Moment 
180
• , and smallest at 90
• and 270
• , but it can be seen that the gap between maximum and minimum loads for the 90
• gusts is much larger for the more exible cases due to the large wing deformations receiving more lateral gust.
Gust envelopes are then produced which envelope time histories for all gust directions for a given gust Finally, the total loads distributions (1D envelopes) are produced, which are the maximum and minimum loads for all gust lengths and gust directions, and plotted as maximum and minimum bands for each exibility variant considered in Figure 13 . It can be seen how as the aircraft is made more exible, the loads generally reduce in magnitude, and therefore despite large deformations of the most exible case considered, the eect of mass reduction was overall benecial. Additionally, 2D plots have been plotted in Figure 14 as a convex hull of the time histories of root bending moment versus root torque to show how the envelopes decrease.
The 2D plots for the nonlinear system are smaller in area than for linear, but qualitatively appear to have the same shape, indicating that the large deformations in this particular nonlinear system do not lead to any signicant bend/twist couplings. 
V. Conclusions
A passenger airliner featuring HARWs has been designed and sized, and variants of this aircraft have then been generated in order to study the eects of reducing the skin thickness of the baseline design on the loads due to discrete 1MC gust disturbances.
From the static analyses it can be seen how the behaviour of the nonlinear system matches the linear approach used in MSC.NASTRAN well, with good agreement in terms of trim geometry, angle of attack and loads. As the aircraft wing stiness is reduced, it is clear that the linear and nonlinear approaches no longer match. Additionally, it can be seen how due to nonlinearities and dierences in aerodynamics and gravity modelling, the nonlinear approach predicts signicant axial and fore-aft shear components, which are zero according to MSC.NASTRAN; such eects could potentially add considerably to the wing stresses.
From the dynamic analyses, it can be seen that as the aircraft is made more exible and the structural mode frequencies reduce, the critical gust length gets longer. Also, the wing root torque and root bending moment reduce drastically with wing exibility, with a reduction of around 17% and 41%, respectively, for the most exible variant when compared to the original, baseline aircraft. Linear approaches over-predict root vertical shear, torque and bending moment, and the critical gust length. The root bending moment, in this case, was over-predicted by a around 3% for the most exible case, whereas torque was over predicted by nearly 8% in some cases. Conversely, axial forces, fore-aft shear and fore-aft bending are under-predicted by the linear approach. Furthermore, the loads obtained from the linearised system were close to the nonlinear results, even in the load directions poorly predicted by the purely linear analysis. Despite large deformations, the round-the-clock gusts do not considerably exceed the envelope for most loads on the most exible cases; most loads envelopes were formed by purely vertical gusts.
The analysis in this paper is intended to be used as part of an optimisation and design strategy using nonlinear aeroelastic modelling. As such, the method that was used in this work to produce the highly exible variants by skin thickness reductions may result in large structural stresses, but an optimisation using this kind of procedure to determine gust loads could be created in the near future to design a HARW that uses 
